, demonstrating the existence of drug-induced chromatin remodeling in vivo. In MSK1 knock-out (KO) mice CREB and H3 phosphorylation in response to cocaine (10 mg/kg) were blocked, and induction of c-Fos and dynorphin was prevented, whereas the induction of Egr-1 (early growth response-1)/zif268/Krox24 was unaltered. MSK1-KO mice had no obvious neurological defect but displayed a contrasted behavioral phenotype in response to cocaine. Acute effects of cocaine and dopamine D 1 or D 2 agonists were unaltered. Sensitivity to low doses, but not high doses, of cocaine was increased in the conditioned place preference paradigm, whereas locomotor sensitization to repeated injections of cocaine was decreased markedly. Our results show that MSK1 is a major striatal kinase, downstream from ERK, responsible for the phosphorylation of CREB and H3 and is required specifically for the induction of c-Fos and dynorphin as well as for locomotor sensitization.
Introduction
The complex behavioral alterations leading to drug addiction are thought to result from molecular and cellular adaptations in specific brain neurons and, consequently, in neuronal circuits in which these neurons operate. A central feature of most drugs of abuse is to cause the induction of immediate-early genes (IEGs) in the striatum, a major reward center in the brain (Berke and Hyman, 2000; Nestler, 2001) . However, the signaling pathways responsible for this induction remain poorly characterized.
Extracellular signal-regulated kinase (ERK) plays multiple roles in the activity-dependent regulation of neuronal function, including long-term synaptic plasticity (Thomas and Huganir, 2004) , and ERK activation is crucial in various models of learning and memory (Atkins et al., 1998; Sweatt, 2004) . The two isoforms of ERK (1 and 2) may have distinct properties in this context (Mazzucchelli et al., 2002) , although these differences are yet to be characterized fully. We showed previously that the pharmacological blockade of the ERK pathway prevents some of the transcriptional and rewarding effects of cocaine and ⌬9-tetrahydrocannabinol administration (Valjent et al., 2000 (Valjent et al., , 2001b . Thus, the ERK signaling pathway seems to play a central role in the neuronal adaptations that underlie behavioral alterations leading to drug addiction, as it does in learning and memory formation in other brain structures.
Little is known about the substrates of ERK that mediate its function in neuronal plasticity and drug addiction. In most eu-karyotic cells, ERK controls gene expression by phosphorylating transcription factors and components of chromatin, both directly and via the action of downstream kinases (Yang et al., 2003) . The transcription factor cAMP response element-binding protein (CREB), which plays an important role in the expression of genes involved in synaptic plasticity and drug addiction (Carlezon et al., 1998 ) (for review, see Nestler, 2004) , is one of the nuclear targets of ERK in the striatum in response to the stimulation of glutamate and dopamine D 1 and D 2 receptors ( Vanhoutte et al., 1999; Yan et al., 1999; Zanassi et al., 2001) . The phosphorylation of CREB serine 133 (Ser 133 ) is not catalyzed directly by ERK but by protein kinases activated by ERK, including two isoforms of mitogen-activated protein kinase-activated protein kinase 1 (MAPK-APK1; also called ribosome S6 kinases, RSKs) (Xing et al., 1996; De Cesare et al., 1998) and mitogen-and stress-activated protein kinases (MSKs) (Deak et al., 1998; Arthur and Cohen, 2000) . Activation of MSKs is also implicated in histone H3 phosphorylation (Soloaga et al., 2003) and thus in chromatin reorganization (Nowak and Corces, 2004) .
Because both chromatin remodeling and gene regulation may be critical for long-term neuronal alterations leading to drug addiction, we analyzed the regulation of MSKs and RSKs in response to cocaine and found a strong activation of MSK1. The use of MSK1 knock-out (MSK1-KO) mice demonstrated the critical role of this kinase for CREB and histone H3 phosphorylation and the induction of c-Fos and dynorphin, but not early growth response-1 (Egr-1), in response to cocaine. The study of acute and long-term behavioral responses to cocaine in these mice revealed a selective impairment of locomotor sensitization, showing that MSK1 governs specific cocaine-induced transcriptional events and behavioral alterations.
Materials and Methods
Animals and drugs. Mice C57BL/6 were purchased from Janvier (Le Genest-St.-Isle, France). MSK1-KO mice (Wiggin et al., 2002) were backcrossed with C57BL/6 for nine generations. MSK1-KO mice have normal size and weight, with no apparent health problems, and show normal fasting glucose levels and T-cell development (J. Darragh and A. Simon, unpublished data) . Cocaine hydrochloride (Sigma-Aldrich, St. Quentin Fallavier, France) dissolved in a 0.9% NaCl (w/v) aqueous solution (saline) was administrated by intraperitoneal injection. The mitogenactivated and extracellular-regulated protein kinase (MEK) inhibitor ␣-[amino [(4-aminophenyl) thio]methylene]-2-(trifluoromethyl)-benzene acetonitrile (SL327) was dissolved in DMSO, diluted twice in sterile water, and injected (50 mg/kg) 1 h before cocaine administration.
Tissue preparation and immunohistochemistry. At the indicated times after drug treatments, the mice were anesthetized rapidly with pentobarbital (30 mg/kg, i.p.; Sanofi-Aventis, Paris, France) and perfused transcardially with a fixative solution containing 4% paraformaldehyde (w/v) in 0.1 M Na 2 HPO 4 /NaH 2 PO 4 buffer, pH 7.5. Brains were postfixed overnight in the same solution and stored at 4°C. Sections (30 m thick) were cut with a vibratome (Leica, Nussloch, Germany) and kept at Ϫ20°C in a solution containing 30% ethylene glycol (v/v), 30% glycerol (v/v), and 0.1 M phosphate buffer. For the detection of phosphorylated proteins, 50 mM NaF was included in all buffers and incubation solutions, as described previously (Sgambato et al., 1998) . Floating sections were saturated for 1 h with 3% bovine serum albumin (BSA; w/v) in Tris-buffered saline (25 mM Tris-Cl, 150 mM NaCl, pH 7.4) for phospho-MSK1 (P-MSK1) and dynorphin; 3% BSA, 0.2% Triton X-100 (v/v) in PBS [containing (in mM) 4 Na 2 HPO 4, 1.7 KH 2 PO 4 , 150 NaCl, pH 7.4] for P-CREB; 10% normal goat serum (NGS; v/v) in TBS for acetylated lysine 14 H3 (AcLys 14 H3) antibody; and without saturation for phosphorylated histone H3 (P-H3), phosphorylated and acetylated histone H3 (PAcH3), and Egr-1. Then, the sections were rinsed three times in TBS and incubated with one of the following polyclonal antibodies: phosphothreonine 581-MSK1 (P-Thr 581 -MSK1; 1:750; Cell Signaling Technology, Beverly, MA), dynorphin-1-13 (1:200; Bachem, Essex, UK), Egr-1 (1:500; Santa Cruz Biotechnology, Tebu, France), P-Ser 133 -CREB (1: 750; Upstate Biotechnology, Lake Placid, NY), P-Ser 10 H3 (1:1000; Upstate Biotechnology), or P-Ser 10 or AcLys 14 H3 (1:500; Upstate Biotechnology). Incubations were performed overnight at 4°C in TBS with 3% BSA for P-MSK1 and dynorphin, in PBS with 1% BSA and 0.1% Triton X-100 for P-CREB, or in TBS with 3% NGS for Egr-1. As for secondary antibodies, we used anti-rabbit Cy3-conjugated antibody (Amersham Biosciences, Les Ulis, France) (1:3000 for AcH3; 1:1000 for P-MSK1, dynorphin, and P-CREB; 1:500 for P-H3, P-AcH3, and AcH4). For double immunofluorescence, a polyclonal antibody anti-P-MSK1 was incubated simultaneously with a monoclonal antibody anti-P-ERK (PThr 202 /P-Tyr 204 p44/42 MAPK) (1:200; Sigma, Lyon, France). Sections were then incubated sequentially with a Cy3-conjugated anti-rabbit antibody (1:750; Amersham Biosciences) and a FITC-conjugated antimouse antibody (1:500; Sigma) for 2 h each. For Egr-1 immunostaining, a biotinylated goat anti-rabbit antibody was used (1:250; Vector Laboratories, Paris, France), and floating sections were incubated with avidinbiotin-peroxidase complex, revealed with 3,3Ј-diaminobenzidine/H 2 O 2 . For immunofluorescence, the tissue sections were mounted in Vectashield (Vector Laboratories). Quantification of immunoreactive cells was performed with image analyzer software (Image-Pro Plus; Media Cybernetics, Silver Spring, MD), taking into account the cells with nuclear immunofluorescence above basal background (see Fig. 1a ). In each case two brain sections per animal were counted bilaterally, with at least three animals per group.
Kinase assays. Frozen brain samples were lysed in the following (in mM): 50 Tris-HCl, pH 7.5, 1 EGTA, 1 EDTA, 1 sodium orthovanadate, 50 sodium fluoride, 1 sodium pyrophosphate, plus 0.27 M sucrose, 1% Triton X-100 (v/v), 0.1% 2-mercaptoethanol (v/v), and complete protease inhibitor mixture (Roche, Mannheim, Germany). The lysates were centrifuged at 13,000 rpm for 5 min at 4°C, and the pellet was discarded. Lysates were precleared with 10 l of protein G-Sepharose for 60 min, and then MSK1 was immunoprecipitated from 0.5 mg of soluble protein with the use of an anti-peptide MSK1 antibody coupled to protein G-Sepharose. After the immunoprecipitation of MSK1, MSK2 and then RSK2 were immunoprecipitated with anti-peptide antibodies against these kinases. Immunoprecipitation and kinase assays were performed as described previously (Williams et al., 2000) . The peptide GRPRTSS-FAEG was used as a substrate for all three kinases. One unit of activity was that amount of enzyme that incorporates 1 nmol of phosphate into the peptide substrate in 1 min. Antipeptide antibodies that recognize MSK1 (residues 384 -402) and MSK2 (residues 753-772) have been described previously (Williams et al., 2000) .
Immunoblot analysis. Mice were injected with saline or cocaine and decapitated; immediately, their brains were dissected out from the skull and frozen on dry ice. Microdisks of tissue were punched out from frozen slices (500 m thick) within the striatum with a stainless steel cylinder (1.4 mm in diameter). Samples were homogenized in 1% SDS, equalized for their content in protein, and analyzed by Western blot. The antibody dilutions were 1:1000, 1:2000 for antibodies against P-Thr 581 -MSK1 and MSK1, respectively. Antibodies were revealed by the peroxidase/chemiluminescence method (ECL; Amersham Biosciences) and autoradiography. Antibodies for measuring protein levels in the striatum of wild-type and MSK1-KO and procedures for 7-chloro-8-hydroxy-3-methyl-5-phenyl-2,3,4,5,-tetrahydro-1 H-3-benzazepine ([ 3 H]-SCH23390) binding were as described previously (Corvol et al., 2001; Valjent et al., 2005) .
Locomotor activity and sensitization. Locomotor activity was measured by using a circular corridor with four infrared beams placed at every 90°( Imetronic, Pessac, France) in a low-luminosity environment. Locomotor activity was counted as travels through one-fourth of the circular corridor as detected by consecutive interruption of two adjacent beams. Mice were placed in the activity box for 30 min during 3 d consecutively (days 1-3) for habituation before the actual experiments were performed. The acute locomotor effects of cocaine (0, 10, 20, and 30 mg/kg, i.p.) were evaluated as a recording of locomotor activity during 15 min before and 30 min after the injection of saline or cocaine. Locomotor activity was measured in 5 min intervals. In cocaine sensitization experiments, the mice were treated repeatedly with saline or cocaine (10 or 20 mg/kg, i.p., every day) for 5 d consecutively. This repeated exposure was followed by 9 d of withdrawal and, on day 14, by a challenge injection of cocaine (10 or 20 mg/kg). Locomotion was measured as described above on days 1-5 and 14.
Conditioned place preference. The conditioned place preference (CPP) was evaluated in a Plexiglas Y-shaped apparatus (Imetronic) located in a soundproof testing room with low luminosity. Two of the three compartments were used for the conditioning and distinguished by different patterns on floors and walls, separated by a central neutral area. The apparatus was connected to an electronic interface for data collection. Entries and time spent in each compartment were measured, as well as the locomotor activity of the mice during the experiments. The CPP protocol included three different phases. (1) In preconditioning (habituation), the mice were placed in the middle of the neutral central area and allowed to explore both compartments. The time spent in each compartment was measured during 18 min. (2) In conditioning, the treatments were counterbalanced between compartments to use an unbiased procedure. Mice were treated for 6 d consecutively with alternate injections of cocaine or saline. After injection, the mice were confined to a given chamber for a period of 25 min. Cocaine was administrated on days 1, 3, and 5 and saline on days 2, 4, and 6. Control mice received saline every day. (3) The postconditioning (test) phase was conducted exactly as the preconditioning phase with free access to both compartments. The time spent in each compartment was measured during 18 min. Data were expressed as the time spent in the drug-paired compartment minus time spent in the saline-paired compartment.
Statistical analysis. Statistical analysis for immunohistochemistry was performed with oneway ANOVA, followed by Scheffé's test. Locomotor sensitization and CPP were analyzed with repeated measures ANOVA, using Bonferroni post hoc test.
Results
Cocaine-induced CREB phosphorylation in the striatum is ERK-dependent Acute cocaine administration induces ERK activation in the striatum of mice (Valjent et al., 2000) . This activation is transient and culminates within the nucleus, where ERK is thought to control the phosphorylation of transcription factors, including CREB. The precise contribution of the ERK pathway to the activation of CREB in response to cocaine has not yet been determined. We analyzed cocaineinduced CREB phosphorylation in striatal sections by immunofluorescence with the use of a phosphorylation state-specific antibody ( Fig. 1a) previously demonstrated to recognize phospho-Ser 133 -CREB specifically by Western blot analysis of striatal Cocaine-induced CREB phosphorylation is ERK dependent in the striatum. Mice were injected intraperitoneally with saline or cocaine (10 mg/kg) in the absence or presence of SL327 (50 mg/kg) before the cocaine. a, Top panels present immunocytochemical detection of phospho-Ser 133 -CREB in striatal neurons from mice injected with saline, cocaine, and SL327 before the cocaine. The bottom panels are a computerized representation of P-CREB-positive cells after the application of a threshold determined from saline-treated striatal sections. Cells with fluorescence above this threshold were counted. Scale bar, 40 m. b, P-CREB immunoreactivity above a threshold (left panels) or global P-CREB immunofluorescence from the striatal sections (right panels) were analyzed in the dorsal striatum (DStr) and in the nucleus accumbens (NAcc) at 10, 20, or 30 min after cocaine injection (Coc 10Ј, Coc 20Ј, Coc 30Ј) in the absence or in the presence of SL327 (50 mg/kg; Coc 30Ј plus SL327). Statistical comparisons in the left panels (means Ϯ SEM; 4 mice per group) include one-way ANOVA (in DStr, F (4, 14) ϭ 30.04 and p Ͻ 0.001; in NAcc, F (4, 14) ϭ 11.90 and p Ͻ 0. tissues (Vanhoutte et al., 1999) . Although a basal level of P-CREB immunoreactivity was observed in striatal neurons from salinetreated mice, this immunoreactivity increased after cocaine treatment (Fig. 1a, top panel) . The increase in P-CREB immunoreactivity was clearly apparent after application of a threshold determined from saline-treated striatal sections (Fig. 1b , bottom panel). Thus, this threshold was applied for quantifying P-CREB immunoreactivity after cocaine administration (Fig. 1b , left panels). This showed a rapid and sustained increase in CREB phosphorylation by cocaine, which was reduced dramatically when SL327 (50 mg/kg, i.p.), a selective inhibitor of MEK1/2 (Atkins et al., 1998) , the kinase upstream from ERKs, was injected before cocaine. Similar results were found when global immunofluorescence from striatal sections was measured (Fig. 1b, right panels) . This indicates that the ERK pathway plays a major role in the control of CREB phosphorylation in response to cocaine administration.
Cocaine induces ERK-dependent activation of MSK1 in the striatum ERK cannot phosphorylate CREB directly at Ser 133 because it is not a proline-directed phosphorylation site. Both RSK2 (Xing et al., 1996; De Cesare et al., 1998) and MSKs (Simon et al., 2004) have been proposed as possible intermediates between ERK and CREB. We therefore investigated the activation of MSK1, MSK2, and RSK2 in striatal extracts from saline-and cocaine-treated mice, using an in vitro kinase assay. The cocaine-induced activation was more pronounced for MSK1 (almost threefold) than for MSK2 or RSK (less than twofold) (Fig. 2a) . Thr 581 is a residue located in the C-terminal kinase domain of MSK1 and critical for its activation (McCoy et al., 2005) . Phosphorylation of this residue was increased 20 min after the injection of cocaine, as shown by immunoblotting with an affinity-purified antiserum that specifically recognizes the phosphorylated form of Thr 581 -MSK1 (Fig. 2b) . Phosphorylation of Thr 581 in response to cocaine also was demonstrated by immunofluorescence with this antibody (Fig. 2c) . Although Thr 581 can be phosphorylated by both ERKs and p38-MAP kinases (Deak et al., 1998) , SL327 treatment totally abolished P-MSK1 immunoreactivity (Fig. 2c) , indicating that MSK1 is activated downstream from ERKs, but not p38-MAP kinases, in response to cocaine. These data are in agreement with previous work showing that p38-MAP kinases are not activated by cocaine in vivo (Zhang et al., 2004) . The time course of cocaine-induced MSK1 activation was monitored by immunofluorescence and quantified with an image analyzer. A rapid but transient increase in P-MSK1-immunoreactive cells was observed in the dorsal striatum and in the nucleus accumbens, which peaked 20 min after cocaine injection, and returned close to basal levels at 30 min (Fig. 2d) . Quantification also confirmed the total inhibition of P-MSK1 immunoreactivity by SL327 pretreatment. Thus MSK1 is a kinase activated by ERK in response to cocaine.
MSK1 is a major kinase of CREB in response to cocaine
To address specifically the role of MSK1 in cocaine-induced CREB phosphorylation, we used homozygous knock-out mice for the MSK1 gene (MSK1-KO) Wiggin et al., 2002) . Given the important role played by CREB in neuronal differentiation and survival (Lonze and Ginty, 2002) , it was important to analyze whether the brain was developed normally in adult MSK1-KO mice. When we compared cresyl violetstained sections of wild-type and MSK1-KO mice, the overall anatomy of brain appeared normal (Fig. 3a) , and no evident alteration of specific brain regions was found at higher magnification, including in the accumbens nucleus, hippocampus, and cerebellum (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). We also analyzed by Western blotting Figure 2 . Cocaine-induced MSK1 activation is ERK-dependent in the striatum. a, Kinase activity of MSK1, MSK2, and RSK was measured in striatal extracts from mice treated with saline (Sal) or 10 mg/kg cocaine (Coc 20Ј) 20 min before death. Data (means Ϯ SEM; 6 mice per group) were analyzed by Student's t test (for MSK1, t 10 ϭ 3.33 and **p Ͻ 0.01; for MSK2, t 10 ϭ 2.145, not significant; for RSK, t 10 ϭ 4.619 and **p Ͻ 0.01). b, Immunoblot analysis of striatal extracts obtained 5, 15, or 20 min after cocaine injection (Coc 5Ј, Coc 15Ј, Coc 20Ј), using antibodies reacting with phospho-MSK1 (P-Thr 581 -MSK1) or MSK1 independently of its phosphorylation. A 90 kDa immunoreactive band with the expected molecular mass of MSK1 was observed with both antibodies. Similar results were obtained in three independent experiments. c, Phospho-MSK1 (P-MSK) immunohistochemical detection from dorsal striatum (DStr) of saline-treated (Sal) or cocaine-treated mice in the absence (Coc 20Ј) or presence of SL327 (50 mg/kg; Coc 20Ј plus SL327). Scale bar, 80 m. d, P-MSK1-immunoreactive cells were counted as described for P-CREB in the legend for Figure 1 . Data (means Ϯ SEM; 3-4 mice per group) were analyzed with one-way ANOVA (in DStr, F (4, 14) ϭ 18.48 and p Ͻ 0.001; in NAcc, F (4, 14) ϭ 36.65 and p Ͻ 0.001), followed by post hoc comparison (Scheffé's test; *p Ͻ 0.05 and ***p Ͻ 0.001 Sal vs Coc; ### p Ͻ 0.001 Coc 30Ј vs Coc 30Ј plus SL327).
the expression levels of striatal proteins important for cell signaling after cocaine administration, including CREB, RSK1, Ets-like kinase-1 (Elk-1), ERK1 and 2, the glutamate receptor Glu-R1 subunit, dopamine-and cAMP-regulated phosphoprotein, M r ϭ 32,000 (DARPP-32), G ␣olf , and tyrosine hydroxylase (TH), and we found no alteration in MSK1-KO mice (Fig. 3b,c) . Similarly, D 1 receptor-binding activity measured by autoradiography was normal in the dorsal striatum and nucleus accumbens of MSK1-KO mice (Fig. 3d ).
In the absence of any obvious brain alteration in mutant mice, we analyzed cocaine-induced CREB phosphorylation in MSK1-KO mice compared with their wild-type littermates. At 30 min after cocaine administration CREB phosphorylation was decreased dramatically in MSK1-KO mice as compared with wildtype mice (Fig. 4a) . Virtually no cocaine-induced P-CREB immunoreactivity was observed in the dorsal striatum (Fig. 4a,b) of . c, Cocaine-induced phospho-ERK (P-ERK) is unaltered in ko mice. P-ERK immunoreactivity was detected 10 min after saline (Sal) or cocaine (10 mg/kg; Coc 10Ј) injection in wt or ko mice. Scale bar, 80 m. d, P-ERK-immunoreactive cells were counted from wt and ko mice 10 min after cocaine administration in the dorsal (DStr) and ventral parts (core and shell) of the striatum. Data (means Ϯ SEM; 3-4 mice per group) were analyzed with one-way ANOVA (in DStr, F (3, 12) ϭ 6.21 and p Ͻ 0.05; in core, F (3, 12) ϭ 37.38 and p Ͻ 0.0001; in shell, F (3, 12) ϭ 11.02 and p Ͻ 0.005), followed by post hoc comparison (Scheffé's test; *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 Sal vs Coc in wt and ko mice). mutant mice. Because the nucleus accumbens core and shell have been reported to control cocaine-induced behavioral alterations differentially, these two areas were distinguished, and in both areas the number of P-CREB-immunoreactive neurons remained at basal levels in MSK1-KO mice (Fig. 4a,b) . Thus our data strongly indicate that MSK1 is a major CREB kinase in striatal neurons in response to cocaine.
To test whether the signaling pathway upstream from MSK1 was functional in mutant mice, we analyzed ERK activation in response to cocaine by using immunocytochemical detection of its active diphosphorylated form (P-ERK) (Vanhoutte et al., 1999) . P-ERK was induced by cocaine to similar levels in the dorsal and ventral parts (core and shell) of the striatum in MSK1 wild-type (MSK1-WT) and MSK1-KO mice (Fig. 4c,d) . Moreover, the nuclear translocation of activated ERK was similar in MSK1-WT and MSK1-KO mice (data not shown). Altogether, these results in MSK1-KO mice reveal the essential role of MSK1 downstream from ERK in the activation of CREB by cocaine.
Cocaine-induced histone modifications in wild-type and MSK1 knock-out mice The remodeling of chromatin structure is a crucial step in controlling the transcription of eukaryotic genes (Nowak and Corces, 2004) . Nucleosomal alterations result from a combination of modifications of histones at their N-terminal tails, modifications which are required to induce changes in the chromatin environment. Both acetylation of Lys 14 and phosphorylation of Ser 10 in histone H3 have been associated with activation of transcription in yeast, mammals, and Drosophila. More recently, these observations were extended to nonproliferating hippocampal neurons in which phosphorylation of histone H3 Ser 10 , but not Lys 14 acetylation, was induced by stimulation of various neurotransmitter receptors in correlation with c-fos induction (Crosio et al., 2003) .
Using an antibody that specifically recognizes the N-terminal tail of H3 phosphorylated on Ser 10 , we found a clear induction of H3 phosphorylation in the striatum 20 min after the injection of cocaine. Detailed investigation of the time course of H3 phosphorylation showed a persistent increase 30 min (Fig. 5) after cocaine injection and a return to basal levels at 60 min (data not shown). The cocaine-induced phosphorylation of H3 Ser 10 was blocked by pretreatment of the mice with a selective D 1 antagonist (SCH23390), an NMDA antagonist (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]cyclohepten-5,10-imine maleate (MK801), or a MEK inhibitor (SL327) (Fig. 5) . Interestingly, P-H3 immunoreactivity was restricted to the dorsal striatum and nucleus accumbens (Fig. 6a) (data not shown) . The cocaineinduced phosphorylation of H3 was abolished totally in MSK1-KO mice (Fig. 6a) . These results show that the control of H3 phosphorylation by cocaine is mediated by the ERK/MSK pathway and that it requires the coincident activation of dopamine D 1 and glutamate NMDA receptors, as we have demonstrated previously for the activation of ERK itself (Valjent et al., 2000 (Valjent et al., , 2005 .
Although H3 phosphorylation can occur independently of acetylation in neurons (Crosio et al., 2003) , it is admitted generally that acetylation is a crucial event for gene transcription, and it has been proposed that the two modifications have a synergistic role (Nowak and Corces, 2004) . It was thus important to analyze the levels of H3 acetylation in saline-and cocaine-treated mice. We examined AcH3 on Lys 14 in the striatum and found high levels in saline-treated animals with no modification in response to cocaine (Fig. 6a,b) . AcH3 immunoreactivity was similar in cocaine-treated MSK1-KO mice and in their wild-type littermates (Fig. 6a,b) . In contrast, immunoreactivity for phosphoacetylated H3 antibodies, which label H3 modified on both Ser 10 and Lys 14 , was induced strongly by cocaine, and this induction was abolished in MSK1-KO mice (Fig. 6a,b) . Thus in striatal neurons H3 phosphorylation appears to be stimulated in response to cocaine independently of Lys 14 acetylation. To assess whether the lack of effect of cocaine on H3 acetylation in wild-type mice resulted from a general failure of this drug to alter histone acetylation, we also examined histone H4 acetylation. Acetylation of Lys 5 is one of the major post-translational events that govern the role of H4 in chromatin remodeling during transcription in hippocampal neurons (Tsankova et al., 2004) . We analyzed H4 Lys 5 acetylation in response to cocaine and found it was increased significantly in the striatum (Fig. 6c,d ). Acetylation of H4 was not altered in MSK1-KO mice. Altogether, our data strongly suggest that cocaine-induced activation of MSK1 is involved specifically in one of the events needed for the nucleosomal response, the phosphorylation of histone H3.
Cocaine-induced expression of c-Fos and dynorphin, but not Egr-1, is abolished in MSK1 knock-out mice
Transient induction of IEGs, including c-fos and Egr-1 (also termed zif268, Krox24, or NGFI-A), in the striatum after acute administration of cocaine is thought to play a key role in the neuronal alterations leading to addiction (Berke and Hyman, 2000) . Because most of these IEGs encode transcription factors, their induction governs a vast program of gene expression (Berke et al., 1998) . Furthermore, drug-induced c-Fos and Egr-1 expression is blocked by MEK inhibitors, demonstrating the requirement of the ERK pathway for their expression (Valjent et al., 2000; Derkinderen et al., 2003) . c-Fos and Egr-1 expression was analyzed by immunocytochemistry 1 h after administration of cocaine (10 mg/kg) in MSK1-KO mice and wild-type littermates. Although a strong induction of c-Fos was found in wild-type mice, no c-Fos immunoreactivity was detected in the dorsal striatum and nucleus accumbens of MSK1-KO mice (Fig. 7a,b) , including both the core and shell regions (data not shown). At a higher dose of cocaine (20 mg/kg) c-Fos induction was observed in MSK1-KO mice (data not shown), suggesting that other kinases downstream from ERK (for example MSK2 or RSK2) or other signaling pathways can bypass MSK1 to control gene transcription. In contrast, cocaine-induced c-Fos expression was not altered in MSK2-KO mice (data not shown), a result consistent with the lack of significant activation of MSK2 by cocaine (Fig. 2a) . In contrast to the results for c-Fos, cocaine-induced Egr-1 expression was unchanged in the dorsal and ventral striatum of MSK1-KO mice (Fig. 7a,b) , including core and shell (data not shown), when compared with their wild-type littermates. These results reveal a specific requirement of MSK1 for the transcription of some IEGs, but not others.
Cocaine administration increases the striatal mRNA levels of preprodynorphin, which encodes dynorphin, a neuropeptide thought to play an important role in cocaine-induced behavioral alterations (Berke and Hyman, 2000) . Importantly, the preprodynorphin gene has been identified as a target gene for CREB (Carlezon et al., 1998) . We investigated the expression levels of dynorphin in the striatum of mice receiving cocaine or not. At 60 min after cocaine administration, the levels of dynorphin immunoreactivity increased in a significant proportion of striatal neurons, and this induction was blocked totally in MSK1-KO mice (Fig. 7c,d) . Thus, MSK1 controls molecular events that are necessary for the transcription and translation of both c-Fos and dynorphin, but not Egr-1.
Selective alteration of delayed cocaine-induced behaviors in MSK1-deficient mice
Given that some molecular responses to cocaine, but not others, were altered in MSK1-KO mice, it was particularly interesting to examine which behavioral responses to cocaine were modified in these mice so that we might gain some insights on their mechanisms. MSK1-KO mice displayed a normal horizontal and vertical activity throughout the light/dark cycle (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material) and showed spontaneous locomotor activity and habituation to a new environment similar to those of wild-type littermates, as illustrated by the decreased locomotion on days 2 and 3 in both groups of animals (Fig. 8a) . A single injection of psychostimulant drugs, such as cocaine, induces locomotor hyperactivity in rodents. As illustrated in Figure 8b , cocaine administration (10, 20, and 30 mg/kg, i.p.) induced an identical dose-dependent hyperlocomotion in wild-type and MSK1-KO mice. Thus acute behavioral responses to cocaine were not altered in the absence of MSK1. The functional activity of dopamine receptors in mutant mice was tested (AcH3), and phospho-Ser 10 /acetylated Lys 14 H3 (P-AcH3). Note that histone H3 phosphorylation and phosphoacetylation were restricted to the striatum (Str; right panels). b, Data (means Ϯ SEM; 3 mice per group) were analyzed in the dorsal striatum (DStr) with one-way ANOVA (for P-H3, F (2, 6) ϭ 571.84 and p Ͻ 0.001; for AcH3, F (2, 6) ϭ 1.79, not significant; for P-AcH3, F (2, 6) ϭ 11194.95 and p Ͻ 0.001), followed by post hoc comparison (Scheffé's test; ***p Ͻ 0.001 Sal vs Coc;
### p Ͻ 0.001 wt vs ko). c, Immunohistochemical detection of acetylated Lys
by examining their acute locomotor responses to D 1 and D 2 agonists. These responses were virtually identical to those observed in wild-type littermates (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), providing strong evidence, in addition to the biochemical results described above, that the acute responsiveness of the dopamine system is normal in MSK1 mutant mice. Because the known functions of MSK1 are related to the control of gene transcription, we examined in MSK1-KO mice those long-term behavioral changes induced by repeated administration of cocaine that are likely to involve transcriptional regulation. Repeated exposure to cocaine triggers a progressive and persistent enhancement of locomotor responses, termed behavioral sensitization. As expected, after repeated cocaine administration (10 or 20 mg/kg) a robust locomotor sensitization was observed in wild-type mice (day 14). In contrast, although the acute hyperlocomotion induced by cocaine was unchanged in MSK1-KO mice, the locomotor sensitization was impaired strongly in these mice at doses of cocaine of either 10 or 20 mg/kg (Fig. 8c) .
In a different set of animals, we analyzed the CPP to cocaine, which reflects a preference for a context repeatedly associated with drug injection and commonly is used to evaluate the rewarding effects of drugs. Preconditioning day data revealed no initial preference for either side (Fig. 8d) . After being conditioned with doses of 10 or 20 mg/kg of cocaine, wild-type mice showed a robust CPP, as illustrated by the increased time spent in the drugassociated compartment (Fig. 8d) . MSK1-KO mice did not show any decrease in CPP (Fig. 8d) . In contrast, mutant mice conditioned at the lowest dose that was tested (10 mg/kg) spent significantly more time in the cocaine-associated side, as compared with wild-type littermates (Fig. 8d) . This apparent increase in CPP was not observed at 20 mg/kg, suggesting that the behavioral response may have reached a maximum level in this experimental paradigm. The measurement of locomotor activity during the conditioning phases revealed no difference in the number of ambulations between wild-type and MSK1-KO mice (data not shown), indicating that the greater sensitivity of the mutant mice to the rewarding effects of cocaine is not attributable to an increased locomotor activity in the CPP paradigm. Altogether, our results show that in the absence of MSK1 the spontaneous behavior and acute responses to cocaine were unaltered, whereas the long-lasting behavioral modifications induced by repeated injections of cocaine were altered differentially. The markedly decreased locomotor sensitization of mutant mice in response to repeated injections of cocaine contrasted with the apparent enhanced sensitivity to the rewarding effects of this drug.
Discussion
Our results reveal that MSK1 is an important component of an intracellular signaling cascade that drives the regulation of specific genes in response to cocaine in striatal neurons (Fig. 9) . MSK1 is activated downstream from ERK and is essential for phosphorylation of both CREB Ser 133 and histone H3 Ser 10 . Importantly, in the absence of MSK1 the behavioral responses to repeated, but not acute, cocaine exposure were impaired. Moreover, this impairment was differential, with a decreased locomotor sensitization and increased sensitivity to cocaine CPP. These data provide new insights into the molecular mechanisms that specifically underlie the various cocaine-induced long-term behavioral alterations.
A number of results support a role of ERK in learning and memory as well as in synaptic plasticity (Thomas and Huganir, 2004) . We and others showed a rapid and transient activation of ERK in the striatum in response to cocaine and other drugs of abuse (Valjent et al., 2000 (Valjent et al., , 2001b (Valjent et al., , 2004 Zhang et al., 2004) . With activation by cocaine, phosphorylated ERK is observed first Figure 8 . Locomotor and rewarding effects of cocaine in MSK1 knock-out mice. a, Spontaneous locomotor activity of wild-type (wt) and MSK1-KO (ko) mice for 3 d consecutively. b, Locomotor activity induced by a first intraperitoneal injection of cocaine at the indicated doses. c, Locomotor sensitization to repeated cocaine injections (10 and 20 mg/kg; n ϭ 8 -10 per group). After habituation, the wild-type and MSK1-KO mice were injected daily for 5 d consecutively with cocaine or saline, as indicated. They also were injected with saline or cocaine on day 14 after a 10 d withdrawal. Data were analyzed with a mixed factor ANOVA (repeated measure over time): for saline (effect of time, F (5, 54) ϭ 2.561, not significant; effect of genotype, F (1, 54) ϭ 1.012, not significant); for 10 mg/kg cocaine (effect of time, F (5, 54) ϭ 12.87 and p Ͻ 0.01; effect of genotype, F (1, 54) ϭ 9.748 and p Ͻ 0.01); for 20 mg/kg cocaine (effect of time, F (5, 36) ϭ 39.68 and p Ͻ 0.01; effect of genotype, F (1, 36) ϭ 27.31 and p Ͻ 0.01). In the post hoc comparison (Bonferroni test), *p Ͻ 0.01 wt versus ko. d, Conditioned place preference induced by cocaine (n ϭ 7-8 mice per group). The left side of the graph (preconditioning) shows the lack of initial preference for either side by any experimental group (effect of treatment, F (3, 53) ϭ 0.184, not significant; effect of genotype, F (1, 53) ϭ 0.065, not significant) (note that the abscissa labels indicate the doses of cocaine used for each group in the later phase of the test). The right side of the graph shows that MSK1-KO mice displayed an enhanced preference for the side paired with 10 mg/kg cocaine as compared with wild-type mice. At 20 mg/kg of cocaine both wt and ko displayed an identical preference for the cocaine-paired side (effect of treatment, F (3, 53) within the cytoplasm, where it possibly controls a number of substrates, including ion channels, cytoskeletal proteins, and proteins involved in neurotransmitter release such as synapsins (for review, see Valjent et al., 2001a) . The phosphorylation of these substrates could contribute to the neuronal responses underlying hyperlocomotion induced by acute cocaine administration and, thus, be involved in "immediate" functions of ERK (Valjent et al., 2000 . Activation of ERK in response to drugs of abuse occurs in a subpopulation of D 1 receptors containing medium-size striatal neurons and requires the stimulation of both D 1 and NMDA receptors (Valjent et al., 2000 (Valjent et al., , 2005 . Thus, ERK activation in these neurons behaves as a functional coincidence detector of dopamine and glutamate signals, and DARPP-32, a protein phosphatase-1 inhibitor, is necessary for the cross talk between the two types of receptors (Valjent et al., 2005) . Once activated, ERK is translocated rapidly to the nucleus. This localization supports its role in gene transcription. Accordingly, in most eukaryotic cells ERK plays a dual role in gene expression programs by phosphorylating transcription factors and promoting chromatin modification (Yang et al., 2003) .
CREB has long been proposed as an important transcription factor implicated in adaptations to drugs of abuse (for review, see Chao and Nestler, 2004; Nestler, 2004) . Administration of drugs of abuse, including cocaine, stimulates the cAMP pathway and causes CREB activation in the striatum. Although CREB is a well known protein kinase A (PKA) substrate, pharmacological evidence indicates that the ERK pathway is essential for its phosphorylation in striatal neurons both in vitro in response to dopamine D 1 or D 2 dopamine agonists or glutamate (Vanhoutte et al., 1999; Yan et al., 1999; Zanassi et al., 2001) and in vivo after electrical stimulation of the corticostriatal pathway (Sgambato et al., 1998) . Here we show that the ERK pathway is necessary for cocaine-induced phosphorylation of CREB in the striatum. Because CREB Ser 133 phosphorylation was prevented in MSK1-KO mice, MSK1 appears to be the major intermediate kinase phosphorylating CREB after activation of the ERK pathway. This is an important result, because another kinase, RSK2, was found to be the main ERK-activated kinase responsible for CREB phosphorylation in some cell types (Xing et al., 1996; De Cesare et al., 1998) . Our data obtained in living mice are in agreement with recent evidence implicating MSK1 as the major CREB kinase downstream from ERK in fibroblasts (Wiggin et al., 2002) and in neurotrophin-treated cortical neurons in culture (Simon et al., 2004) .
In MSK1-KO mice, cocaine-induced expression of c-Fos and dynorphin, but not of Egr-1, was prevented. These restricted effects contrast with the total inhibition of both c-Fos and Egr-1 produced by pharmacological blockade of ERK activation (Valjent et al., 2000; Derkinderen et al., 2003) . Although the preprodynorphin gene is known to be a target for CREB, we provide here the first evidence that the ERK pathway controls its expression after acute cocaine administration. Thus, ERK exerts pleiotropic effects on gene expression by controlling the phosphorylation state of CREB via MSK1, as evidenced here, but also by other mechanisms. For instance, ERK phosphorylates the ternary complex factor Elk-1, which binds the serum response element present in the promoter of specific genes, including c-fos and Egr-1 (Treisman, 1995; Vanhoutte and Caboche, 2002) . Activation of such factors by ERK appears to be sufficient for the transcriptional regulation of a set of genes independently of MSK1, for example Egr-1, and may account for the rescued transcription of c-fos in response to a high dose of cocaine.
Modulation of chromatin structure has been implicated in mammalian associative learning and long-term memory formation (Alarcon et al., 2004; Levenson et al., 2004) . In the nucleus, DNA is packed tightly into chromatin, a DNA protein complex, comprising a group of highly basic proteins, the histones. Unmodified histones are linked tightly to DNA, preventing interactions of other proteins, including RNA polymerase II, which is required for transcription (Fischle et al., 2003) . Thus for transcription to occur, the native structure of chromatin must be disrupted by mechanisms that include histone acetylation and phosphorylation and the action of ATP-dependent remodeling complexes. The phosphorylation of histone H3 Ser 10 has been correlated with transcriptional activation of several IEGs, including c-fos (Mahadevan et al., 1991; Clayton et al., 2000; Clayton and Mahadevan, 2003) . In response to mitogenic stimuli, H3 Ser 10 phosphorylation involves the ERK cascade, and both RSKs and MSKs have been proposed to be histone H3 kinases in vitro (De Cesare et al., 1998; Sassone-Corsi et al., 1999; Thomson et al., 1999) . In MSK1/MSK2-deficient fibroblasts H3 phosphorylation, but not acetylation, was reduced severely in response to mitogens (Soloaga et al., 2003) . In the present work we show that MSK1 is a critical kinase for H3 in striatal neurons in response to cocaine in vivo, an event that is totally dependent, like ERK activation (Valjent et al., 2000) , on D 1 and NMDA receptor stimulation. No modification of global levels of H3 acetylation was found in response to cocaine in either wild-type or MSK1-KO mice, supporting an independence between H3 phosphorylation and acetylation in vivo.
The results reported here show that some molecular effects of cocaine are blocked in MSK1-KO, but not others. As expected, the alterations were more restricted than those observed in mice treated with SL327, a MEK inhibitor that prevents the activation of ERK, because MSK1 is only one of ERK multiple targets. The selective blockade of some of the signaling pathways activated by cocaine in MSK1-KO mice provides an excellent model to examine the mechanisms of the behavioral alterations that depend on (Valjent et al., 2000 (Valjent et al., , 2005 . D 1 receptor stimulation increases intracellular levels of cAMP, which activates PKA. NMDA receptor stimulation causes increases in intracellular calcium (Ca 2ϩ ) levels. Both events converge on the MEK/ERK signaling cascade (P-MEK and P-ERK). Phosphorylated ERKs (P-ERKs) translocate to the nucleus, where they phosphorylate MSK1 (P-MSK1), which controls gene expression via its dual (P-MEK and P-ERK) role on histone H3 and CREB phosphorylation. (1) Histone H3 phosphorylation (P-H3) by MSK1 leads to chromatin remodeling, facilitating DNA accessibility. (2) Phosphorylation of CREB (P-CREB) by MSK1 induces transcription of the immediate-early genes c-fos or preprodynorphin (Dyn) by RNA polymerase II (Pol II).
the ERK pathway. Although ERK inhibition by SL327 partially decreased cocaine-induced hyperlocomotion (Valjent et al., 2000) , we did not observe such an alteration in MSK1-KO mice. This indicates that the MSK1 role may be restricted to delayed effects, as might be expected for a protein kinase regulating transcription. ERK is critical for long-lasting effects of cocaine because its inhibition totally blocks both locomotor sensitization (Valjent et al., 2005) and CPP (Valjent et al., 2000) . Interestingly, MSK1-KO mice displayed a decreased locomotor sensitization that contrasted with an apparent increased sensitivity to cocaine in the place preference paradigm, indicated by a leftward shift of the CPP dose-response curve. Cocaine-induced locomotor sensitization is thought to arise from neuronal plasticity at several levels, including in dopamine neurons and in the striatum (Pierce and Kalivas, 1997) . Our results show that MSK1 is an essential player in the establishment of locomotor sensitization. Additional experiments are now necessary to identify the genes specifically regulated by MSK1 that are necessary for this long-term alteration of behavioral responses to cocaine.
CPP is also a long-term behavioral alteration thought to reflect neuronal plasticity, albeit presumably at different sites. We found that in MSK1-KO mice CPP was not diminished but was even increased at the lowest dose of cocaine used. The critical role of MSK1 in the phosphorylation of CREB provides a possible explanation for this observation, because CREB has been reported to play a negative role in CPP (Carlezon et al., 1998) . This has been attributed to the role of CREB in the regulation of dynorphin (Carlezon et al., 1998) , a peptide that decreases dopamine release by activating -opioid receptors on dopamine terminals (Spanagel et al., 1992) . Because stimulation of -opioid receptors has aversive effects in both humans and rats (Shippenberg and Rea, 1997), the induction of dynorphin by CREB may be responsible for an aversive component in response to drugs. In support of this hypothesis we observed a lack of induction of dynorphin in MSK1-KO mice. More importantly, our result strongly indicate that phosphorylation of CREB and expression of c-Fos are not required for the induction of CPP.
In conclusion, this study shows that a single cocaine injection activates MSK1 in the striatum downstream from ERK. MSK1 plays a selective role in some molecular effects of cocaine, including phosphorylation of CREB and histone H3 and induction of c-Fos and dynorphin. Study of behavioral responses of MSK1-KO mice revealed a specific inhibition of cocaine-induced locomotor sensitization, whereas CPP for cocaine was enhanced slightly. Thus our results allow for the parsing of signaling pathways underlying specific behavioral responses to cocaine and may help to design strategies to interfere specifically with selective effects of drugs of abuse.
